Introduction
============

Ketamine (KTM) is an important drug for inducing anesthesia that is used for sedation, as well as for relieving pain, and is also applied to facilitate psychological treatments due to its psychedelic nature ([@b1-ijmm-42-03-1401]--[@b3-ijmm-42-03-1401]). KTM is often used to induce anesthesia in patients at high risk, due to its hemodynamic stability, the absence of respiratory depression, wide therapeutic range and short half-life ([@b4-ijmm-42-03-1401],[@b5-ijmm-42-03-1401]). In addition, KTM robustly elevates both cardiac output and blood pressure ([@b6-ijmm-42-03-1401]). Studies by Mulvey *et al* ([@b7-ijmm-42-03-1401],[@b8-ijmm-42-03-1401]) have reported the safety and efficacy of KTM, which serves as the first choice of anesthetic drug for injury caused by natural disasters. However, patients recovering from KTM anesthesia usually experience several undesirable symptoms, including delirium, hallucination, confusion, and sometimes a feeling of being \'outside of their body\' or \'near-death.\' Furthermore, KTM can cause excitotoxic damage and neurotoxicity in the fragile neonatal brain ([@b1-ijmm-42-03-1401],[@b9-ijmm-42-03-1401],[@b10-ijmm-42-03-1401]), and is also reported to induce apoptosis and necrosis in neuronal cells in nature ([@b9-ijmm-42-03-1401]). Moderate or high doses of KTM result in evident changes in the GABAergic system, which increases the differentiation of hippocampal neurons and causes severe neurotoxicity in the neonatal hippocampus ([@b11-ijmm-42-03-1401],[@b12-ijmm-42-03-1401]). The hippocampus is one of the most vulnerable brain regions to numerous types of neurobiological insults ([@b13-ijmm-42-03-1401]). Proliferation of these vulnerable hippocampal cells serves an important role in learning and memory processes ([@b14-ijmm-42-03-1401]). Moreover, the effects of KTM can be mediated by the regulation of mitogen-activated protein kinase (MAPK) signaling in the hippocampus ([@b15-ijmm-42-03-1401]). Excitotoxic and ischemic insults in the hippocampus have been demonstrated to be affected by p38MAPK, and the activation of p38MAPK may be part of a neuroprotective response ([@b16-ijmm-42-03-1401]).

p38MAPK activates caspase-3 and regulates diverse cellular functions, including senescence, apoptosis and cell cycle arrest ([@b17-ijmm-42-03-1401]). The p38MAPK family is usually stimulated by genotoxic agents, such as KTM and cytokines, mediating stress responses and inflammation ([@b16-ijmm-42-03-1401]). KTM can decrease the activity of the p38MAPK-mediated modulating pathway ([@b18-ijmm-42-03-1401]). In addition, a number of neurotoxic agents have been demonstrated to induce apoptosis in a variety of neuronal cell preparations mediated by the activation of p38 ([@b19-ijmm-42-03-1401]). Several studies have suggested that p38MAPK gene silencing has protective functions against apoptosis of hippocampal neuronal cells ([@b13-ijmm-42-03-1401],[@b18-ijmm-42-03-1401]). However, further studies are required, since the exact reasons for anesthesia-induced hippocampal neurodegenerative disorders or memory loss remain largely unknown ([@b12-ijmm-42-03-1401]). Furthermore, the role of p38MAPK gene silencing in KTM-induced apoptosis in hippocampal neurons has not been fully elucidated. Therefore, the present study investigated the specific mechanisms of p38MAPK gene silencing on KTM-induced apoptosis of rat hippocampal neurons in order to provide a theoretical foundation for the discovery of new therapeutic targets.

Materials and methods
=====================

Ethics statement
----------------

All animal experimentation conducted in the current study was approved by the Animal Ethics Committee of Jining No. 1 People\'s Hospital (Jining, China) and abided by relevant protocols. The environmental conditions of the facilities were in accordance with the \'Laboratory Animal-Requirements of Environment and Housing Facilities\' guidelines (regulation no. GB14925-2001). All animal breeding and experimental procedures were performed in accordance with protocols issued by the \'Animal Management Regulations\' and the Association for Assessment and Accreditation of Laboratory Animal Care International.

Cell extraction and culture
---------------------------

A total of 10 neonatal Sprague-Dawley (SD) rats \[3-days-old; 8--10 g; Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai, China; production license no. SCXK (Hu) 2012-0002\] were sacrificed by cervical dislocation and then sterilized using 75% ethanol. The skin and skull of the rats were dissected to expose bilateral cerebral hemispheres. After the cerebral cortex was separated using an ophthalmic tweezer, the bilateral hippocampal tissues were extracted. The tissues were centrifuged at 130 × g at 4°C for 5 min, and the supernatant was discarded. Following digestion with Accutase enzyme (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) three times the volume of the hippocampal tissues, the hippocampal tissues were added to Dulbecco\'s modified Eagle\'s medium (DMEM; Solarbio Science & Technology Co., Ltd., Shanghai, China) containing 10% fetal bovine serum (FBS; Sijiqing Biological Engineering Materials Co., Ltd., Hangzhou, China), and penicillin (100 U/ml) and streptomycin (100 *µ*g/ml) (North China Pharmaceutical Group Corp. Shijiazhuang, China), and triturated into a cell suspension. The cell suspension was then filtered by a 200-mesh copper sieve, and the filtered cell suspension underwent a centrifugation (4°C; 200 × g) for 10 min with the supernatant discarded and was subsequently added into DMEM/F12 high-glucose medium containing 10% FBS, penicillin (100 U/ml) and streptomycin (100 *µ*g/m) at 37°C with 5% CO~2~. Hippocampal neurons in the logarithmic growth phases were detached in 0.25% trypsin (Solarbio Science & Technology Co., Ltd.) for preparation of the cell suspension. Following cell counting using a blood cell counting chamber, the cells were seeded in a 6-well plate (Corning Inc., Corning, New York, USA) at a density of 1×10^5^/well for subsequent experiments.

Cell observation and identification
-----------------------------------

Neurons were seeded to a 6-well plate containing coverslips precoated with lysine (Sigma-Aldrich; Merck KGaA). The plate was then transferred to an incubator with 5% CO~2~ at 37°C. After 72 h of culture, a DMEM/F12 containing 10% FBS was added to the plate in replace of the old medium, followed by the addition of 10 mol/l arabinoside (Jun Rui Biotechnology, Shanghai, China). At days 3, the medium was changed and the arabinoside was removed. Cell morphology and growth were observed under an inverted phase contrast microscope (Olympus Corp., Tokyo, Japan) at days 1, 3, 7 and 21. Neurons at 7 days of culture were collected with a micropipette, washed with PBS three times (5 min each time), fixed with 4% paraformaldehyde for 15 min at room temperature, and then washed with PBS for a further three times. Neurons were cultured with mouse anti-rat class III β-tubulin primary antibody (AT809, 1:250; Beyotime Institute of Biotechnology, Shanghai, China) in a wet box (containing wet filter paper) at 4°C for 12 h, in order to prevent the coverslips from being dry. Neurons were then washed with 1% PBS containing Tween-20 (PBST) three times (5 min each time), incubated with fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit secondary IgG antibody (1:400; Jackson Laboratory, Bar Harbor, ME, USA) at 37°C for 1 h in the dark and washed with 1% PBST three times (5 min each time). Neurons were incubated in 5 *µ*g/ml Hoechst 33342 (Sigma-Aldrich; Merck KGaA) for 10 min at room temperature. Neurons were treated with a quenching agent subsequent to washing with PBST five times (5 min each time), and then activated by ultraviolet rays at an excitation and an emission wavelength of 346 and 448 nm, respectively. Images of the fluorescence staining of neurons and nuclei were captured and observed under a high-power microscope.

Construction of the p38MAPK-short hairpin RNA (shRNA) lentivirus vector
-----------------------------------------------------------------------

Both ends of positive and negative strand templates in an shRNA targeting p38MAPK (SABioscience; Qiagen GmbH, Hilden, Germany) were annealed following the addition of *Bam*HI (GGATCC) and *Eco*RI (GAATTC), respectively. The shRNA template was then subcloned into the pLL3.7 vector, which had been linearized by *Bam*HI and *Eco*RI. Subsequent to screening, enzyme digestion, identification and sequencing performed by Sangon Biotech Co., Ltd. (Shanghai, China), the p38MAPK-shRNA was obtained. The lentivirus shuttle plasmid and auxiliary packaging vector plasmid DNA solution were prepared using the following procedure: Interference plasmids (10 *µ*g pRsv-REV, 15 *µ*g pMDlg-Prre, 7.5 *µ*g pMD2G and 20 *µ*g p38MAPK-shRNA) were mixed, and sterile water was added until a constant volume of 1,800 *µ*l was obtained. Next, 200 *µ*l CaCl~2~ (2.5 mol/l) was added and mixed evenly, followed by addition of 2,000 *µ*l borate buffered saline (2X). The sample was kept at room temperature for 20--30 min, and then 293T cells (American Type Culture Collection, Manassas, VA, USA) were transfected at 80--90% density. Subsequently, the culture liquid containing monolayer cells was mixed uniformly with the pRsv-REV, pMDlg-Prre, pMD2G and p38MAPK-shRNA plasmids and calcium phosphate as the transfection reagent, and the medium was replaced with a complete medium at 8 h after transfection. Following transfection for 48 h, the supernatant with lentivirus particles was collected, centrifuged at 500 × g at 4°C for 10 min to remove shedding cells and large cell debris, and then filtered using a 0.45 m polyvinylidene fluoride membrane. The lentivirus supernatant was added to an ultra-clear SW28 centrifugation tube (Beckman Coulter Life Sciences, Brea, CA, USA), followed by centrifugation at 4°C at 900 × g for 2 h. PBS was used to rinse the precipitates, which were then dissolved at 4°C, followed by centrifugation at 500 × g for 1 min. Lastly, the lentivirus supernatant was separately packaged and stored at a −80°C refrigerator for further use.

Cell transfection and grouping
------------------------------

Neurons in the logarithmic growth phase were detached prior to transfection, collected and seeded into a 6-well plate. Transfection was performed using lentivirus plasmid when the neurons were at 80--90% confluence. Next, the neurons were randomly grouped into the following groups: KTM group, treated with 2,500 *µ*mol/l KTM; KTM + SB203580 group, treated with 20.0 *µ*mol/l SB203580 (p38MAPK inhibitor, PHZ1253, Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 2,500 *µ*mol/l KTM solution; KTM + negative control (NC) group, transfected with empty lentivirus plasmid and 2,500 *µ*mol/l KTM solution; KTM + p38MAPK-shRNA group, transfected with p38MAPK-shRNA lentivirus and 2,500 *µ*mol/l KTM solution; and the control group, treated with an equal volume of culture medium. KTM (KH080401; Fujian Gutian Pharmaceutical Co., Ltd., Ningde, China) used in these groups was dissolved in DMEM. After transfection for 48 h, the expression of enhanced green fluorescent protein (EGFP; BioVision, Inc., Milpitas, CA, USA) in the cells was observed under an inverted microscope.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Following transfection for 48 h, the total RNA was extracted using the TRIzol one-step method (Invitrogen; Thermo Fisher Scientific, Inc.). The optical density (OD) of total RNA was measured at 260 and 280 nm using an ultraviolet spectrophotometer to obtain the concentration of RNA. The ratio of the OD at these wavelengths was also calculated to determine the purity of RNA. Total RNA (1 *µ*g) was then reversely transcribed into cDNA using a PrimeScript™ RT-PCR kit (Perfect Real-Time; RR047A; Takara Bio, Inc., Kyoto, Japan). The reaction was conducted at 37°C for 60 min and at 85°C for 5 min. Primers for qPCR were designed by Primer Premier 5.0 software (Premier Biosoft, Palo Alto, CA, USA) and synthesized by Thermo Fisher Scientific, Inc. (Invitrogen), with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) serving as an internal control ([Table I](#tI-ijmm-42-03-1401){ref-type="table"}). qPCR was performed using a Bio-Rad instrument (cat. no. 10021337; Bio-Rad Laboratories, Inc., Hercules, CA, USA). The One-Step SYBR PrimeScript PLUS RT-PCR Kit (Takara Bio, Inc.) was used to determine gene expression and the reaction system constituted: 5.3 *µ*l 2X Taq MasterMix, 1 *µ*l forward primer (5 *µ*M), 1 *µ*l reverse primer (5 *µ*M), 1 *µ*l cDNA and 11.7 *µ*l RNase free H~2~O. The reaction conditions were as follows: Pre-denaturation at 95°C for 3 min, denaturation at 95°C for 10 sec, annealing at 60°C for 20 sec, and extension at 72°C for 30 sec (40 cycles). Relative expression of the target genes was calculated using the 2^−ΔΔCq^ method ([@b20-ijmm-42-03-1401],[@b21-ijmm-42-03-1401]).

Western blot analysis
---------------------

Following transfection for 48 h, the total protein was extracted with the addition of radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology), and the concentration of total protein was determined using the bicinchoninic acid assay (KeyGen Biotech Co., Ltd., Nanjing, China). Extracted proteins were mixed with the loading buffer and boiled at 100°C for 5 min. Protein (10 *µ*g) from each group was then subjected to vertical sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% SDS-PAGE) and transferred at 250 mA for 45 min to a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). Next, the membrane was blocked with 5% skimmed milk in PBST for 1 h at room temperature and incubated overnight at 4°C with GAPDH (ab8245; 1:1,000), p38MAPK (ab31828; 1:1,000), phosphorylated (p)-p38MAPK (ab47363; 1:1,000), caspase-3 (ab2171; 1:500), B-cell lymphoma 2 (Bcl-2; ab32124; 1:1,000) and Bcl-2-associated X protein (Bax; ab32503; 1:1,000; all purchased from Abcam, Cambridge, MA, USA) primary antibodies. The membrane was subsequently washed with TBST four times (5 min each time) prior to the addition of horseradish peroxidase-labeled goat anti-mouse IgG secondary antibody (ab6728; 1:2,000; Abcam) and shaken at 37°C for 1 h. After washing three times with TBST, the membrane was exposed and developed using enhanced chemiluminescence (Pierce; Thermo Fisher Scientific, Inc.), and the film was scanned. A gel documentation system (UVP, LLC, Phoenix, AZ, USA) was used to analyze the OD value of the target bands, and GAPDH served as the internal control.

MTT assay
---------

Following transfection for 48 h, neurons were washed two times with PBS, detached by 0.25% trypsin and made into a single cell suspension. Cells in the suspension were counted and seeded into a 96-well plate at a density of 3--6 (×10^3^) cells per well in 200 *µ*l cell-culture medium. Each culture was set-up in triplicate and incubated in a cell culture incubator for 12, 24 and 48 h, respectively. After the different times of incubation, 20 *µ*l of 5 mg/ml MTT (Sigma-Aldrich; Merck KGaA) was added to each well, and then a further 4-h culture was conducted at 37°C in 5% CO~2~. The supernatant was carefully removed with a syringe, and a total of 150 *µ*l of dimethyl sulfoxide (Amresco, LLC, Solon, OH, USA) was added to each well and oscillated in a horizontal shaker for 10 min to dissolve the crystallization. The OD of each well was measured at 570 nm using a microplate reader (Bio-Rad Laboratories, Inc.). The cell survival rate was calculated according to (OD~experimental\ group~ − OD~blank\ group~)/(OD~control\ group~ − OD~blank\ group~) × 100%, and the cell survival rate of each group was evaluated by comparing it with that of the control group. The experiment was conducted five times.

Flow cytometry with propidium iodide (PI) staining
--------------------------------------------------

After transfection for 48 h, the cell suspension was prepared by digestion with EDTA-free trypsin and centrifuged at 200 × g at 4°C for 5 min. The supernatant was discarded, and neurons were washed three times with 5% cold PBS and re-suspended in 300 *µ*l 5% PBS after the supernatant was aspirated. Next, the samples were fixed for 12 h in 700 *µ*l 75% absolute ethanol and centrifuged for 5 min (4°C; 800 × g), followed by aspiration of the supernatant. The neurons were then washed with PBS, stained with 1% PI (Invitrogen; Thermo Fisher Scientific, Inc.) containing RNase for 30 min and further washed with PBS, and the volume was adjusted to 1 ml. The cell cycle progression was detected by BD-Aria FACSCalibur flow cytometry (BD Biosciences, San Jose, CA, USA). Each group had three samples and experiments were repeated three times. The cell cycle distribution was analyzed by ModFit software (Bio-Rad Laboratories, Inc.).

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

A telomerase PCR-ELISA kit (cat. no. 11854666910; Roche Applied Science, Mannheim, German) was used to detect telomerase activity. Neurons in the logarithmic growth phase were seeded into 6-well plates with 2×10^5^ cells/well. Following incubation for 24 h, cells were rinsed twice with D-Hanks buffer solution and detached by trypsin. Subsequent to centrifugation at 3,000 × g for 10 min at 4°C, the telomerase lysate was added into samples for lysis on ice for 30 min. Next, cells were centrifuged at 16,000 × g for 20 min at 4°C, and the cell supernatant was extracted for repeat sequence amplification reaction as follows: Primer extension at 25°C for 25 min and telomerase inactivation at 94°C for 5 min, followed by PCR amplification with 30 cycles of at 94°C for 30 sec, 50°C for 30 sec and 72°C for 30 sec, and finally, balance at 72°C for 10 min. The PCR amplified products (5 *µ*l) were mixed with denatured reagents (20 *µ*l), and left to stand at the room temperature for 10 min. Subsequently, the hybrid mixture containing digoxin-labeled probes which were complementary to telomeric repeat sequences (225 *µ*l) was added into samples. The product of the aforementioned reaction (100 *µ*l) was hybridized on the microplates covered with biotin protein at 37°C avoiding light. The anti-digoxin antibody of coupling peroxidase (100 *µ*l/well) was added to the samples at the room temperature for 30 min, followed by addition of 3,5,3′,5′-tetramethylbenzidine with the substrate of peroxidase for developing for 4 min. The reaction was halted by adding the termination reagent. Subsequently, a microplate reader (Thermo Fisher Scientific, Inc.) was employed in order to detect the OD value at the wavelengths of 450 and 690 nm.

Flow cytometry with Annexin V-FITC/PI staining
----------------------------------------------

Subsequent to transfection for 48 h, neurons were detached by EDTA-free trypsin, washed with PBS three times and then centrifuged for 5 min (4°C, 800 × g). The supernatant was aspirated, and the cell suspension (100 *µ*l) suspended in moderate binding buffer was selected in a 5-ml flow tube. Annexin V-FITC/PI (1:2:50) was then added according to the protocol of the Annexin V-FITC/PI apoptosis detection kit (M3021; Shanghai Meiji Biotechnology Co., Ltd., Shanghai, China). Neurons (1×10^6^ cells) were resuspended in 100 *µ*l staining solution, mixed uniformly and stained for 15 min at room temperature in the dark. FITC fluorescence was detected at 510-nm and and PI fluorescence at 620-nm bandpass filters, respectively, which were activated at an excitation wavelength of 488 nm using a flow cytometer. Apoptosis in neurons was determined as follows: Dead cells were represented in the upper left quadrant, negative normal cells were in the lower left quadrant, late apoptotic cells were in the upper right quadrant and early apoptotic cells were in the lower right quadrant.

Statistical analysis
--------------------

Statistical analyses were conducted using SPSS version 21.0 software (IBM Corp., Armonk, NY, USA). Measurement data are expressed as the mean ± standard deviation. Means between groups were compared by t-test. Multiple groups were compared by one-way analysis of variance after the homogeneity of variance test. Pairwise comparisons among multiple groups were analyzed by the least significant difference t-test. P\<0.05 was considered to be an indicator of a statistically significant difference.

Results
=======

Morphological changes of hippocampal neurons treated with KTM, and EGFP expression in the transfected hippocampal neurons
-------------------------------------------------------------------------------------------------------------------------

The morphology and growth conditions of rat hippocampal neurons were observed under a phase contrast inverted microscope at days 0, 1, 3, 7 and 21 ([Fig. 1A](#f1-ijmm-42-03-1401){ref-type="fig"}). After inoculation of hippocampal neurons in neonatal rats (day 0), most cells adhered, presented a round shape and were surrounded by halo; a few cells also protruded. At day 1 after transfection, the neurons grew well with different protrusion lengths and spindle morphology in the majority of cells, whereas no clear connection was established between neurons. After transfection for 3 days, cell protrusions increased, cells were evidently elongated and thickened, and connections between neurons began to form. The neurons were plump, and there was a halo around them. After transfection for 7 days, neurons were plumper, while the halo around the neurons was more visible, and cell protrusions appeared more often and were longer. Neurons moved closer to each other and began to form cell populations, and cell protrusions formed a dense nerve fiber network. After transfection for 21 days, the degeneration of neurons, pyknosis and fragmentation of nuclei were evident. Cell protrusions were reduced in size and severed, and the halo around the cells faded.

Neurons were also observed under a laser scanning confocal microscope (LSCM) using immunofluorescence staining ([Fig. 1B](#f1-ijmm-42-03-1401){ref-type="fig"}). The cytoplasm and protuberance of positive neurons appeared green, and nuclei were stained blue. A total of five visual fields were randomly selected. The purity of neurons was identified as 92.1±2.9%. Subsequently, the neuron transfection efficiency was detected. After transfection for 48 h, the EGFP expression clearly increased, with \>75% cells exhibiting green fluorescence. Furthermore, the neuron transfection efficiency in the KTM + NC and KTM + p38MAPK-shRNA groups was 76 and 79%, respectively ([Fig. 1C](#f1-ijmm-42-03-1401){ref-type="fig"}).

Silencing p38MAPK decreases the mRNA expression levels of p38MAPK, caspase-3 and Bax, and increases Bcl-2 mRNA expression
-------------------------------------------------------------------------------------------------------------------------

RT-qPCR was employed to measure the mRNA expression levels of p38MAPK, caspase-3, Bax and Bcl-2 in rat hippocampal neurons among the five groups. According to the results of RT-qPCR, in the KTM and KTM + NC groups, the mRNA expression levels of p38MAPK, caspase-3 and Bax were elevated, while Bcl-2 was reduced, as compared with the control group (all P\<0.05). In the KTM + SB203580 and KTM + p38MAPK-shRNA groups, the mRNA expression of p38MAPK exhibited no significant difference compared with the control group, while the mRNA levels of caspase-3 and Bax were markedly elevated and Bcl-2 significantly declined (all P\<0.05). In comparison with the KTM group, the KTM + p38MAPK-shRNA and KTM + SB203580 groups exhibited a markedly downregulated p38MAPK, caspase-3 and Bax expression, and an upregulated Bcl-2 expression (all P\<0.05; [Fig. 2](#f2-ijmm-42-03-1401){ref-type="fig"}). These findings revealed that silencing p38MAPK decreases the mRNA expression levels of p38MAPK, caspase-3 and Bax, and increases Bcl-2 mRNA expression in cells treated with KTM.

Silencing p38MAPK decreases the protein levels of p38MAPK, caspase-3 and Bax, and increases Bcl-2 protein expression
--------------------------------------------------------------------------------------------------------------------

Western blot analysis was employed to measure the protein expression levels of p38MAPK, caspase-3, Bax and Bcl-2, as well as the extent of p38MAPK phosphorylation, in rat hippocampal neurons among the five groups. As demonstrated by the results of this analysis in [Fig. 3](#f3-ijmm-42-03-1401){ref-type="fig"}, compared with the control group, the KTM and KTM+NC groups exhibited increased protein expression levels of p38MAPK, p-p38MAPK, caspase-3 and Bax, and decreased expression of Bcl-2 (all P\<0.05). In the KTM + SB20358 and KTM + p38MAPK-shRNA groups, the levels of p38MAPK and p-p38MAPK protein showed no significant difference compared with the control group (P\>0.05), while the expression levels of caspase-3 and Bax were markedly increased and Bcl-2 evidently decreased (all P\<0.05). Compared with the KTM group, the KTM + p38MAPK-shRNA and KTM + SB203580 groups displayed significantly decreased protein levels of p38MAPK, p-p38MAPK, caspase-3 and Bax, and increased Bcl-2 protein expression (all P\<0.05). These findings revealed that silencing p38MAPK decreases the protein expression levels of p38MAPK, caspase-3 and Bax, and increases Bcl-2 protein expression in cells treated with KTM.

Silencing p38MAPK promotes hippocampal neuron viability
-------------------------------------------------------

An MTT assay was used to detect hippocampal neuron viability. As shown in [Fig. 4](#f4-ijmm-42-03-1401){ref-type="fig"}, compared with the control group, the hippocampal neuron viability was notably decreased after 24 h in the KTM, KTM+NC, KTM + SB203580 and KTM + p38MAPK-shRNA groups (all P\<0.05). In the KTM + SB203580 and KTM + p38MAPK-shRNA groups, the hippocampal neuron viability significantly increased after 24 h compared with the KTM group (all P\<0.05). The results indicated that silencing p38MAPK promotes the viability of hippocampal neurons treated with KTM.

Silencing p38MAPK promotes cell cycle progression of hippocampal neurons
------------------------------------------------------------------------

Flow cytometry with PI staining was performed to detect the cell cycle distribution of hippocampal neurons. As shown in [Fig. 5](#f5-ijmm-42-03-1401){ref-type="fig"}, compared with the control group, neurons arrested in the G~0~/G~1~ phase and their percentage in S phase was evidently decreased in the KTM, KTM+NC, KTM + SB203580 and KTM + p38MAPK-shRNA groups (all P\<0.05). In the KTM + p38MAPK-shRNA and KTM + SB203580 groups, the proportion of hippocampal neurons arrested in G~0~/G~1~ phase was decreased, while it was increased in S phase, compared with the KTM group (all P\<0.05). There was no significant difference in the neuronal rate in G~2~/M phase between the five groups (all P\>0.05). These findings indicated that silencing p38MAPK promotes cell cycle progression of hippocampal neurons treated with KTM.

Silencing p38MAPK promotes telomerase activity of hippocampal neurons
---------------------------------------------------------------------

The telomerase activity of hippocampal neurons was detected by ELISA. Compared with the control group, the telomerase activity of hippocampal neurons significantly decreased in the other four groups (all P\<0.05). Compared with the KTM group, the KTM + p38MAPK-shRNA and KTM + SB203580 groups displayed increased telomerase activity of hippocampal neurons (both P\<0.05), while the KTM+NC group exhibited no significant difference (P\>0.05; [Fig. 6](#f6-ijmm-42-03-1401){ref-type="fig"}). These findings implied that silencing p38MAPK promotes the telomerase activity of hippocampal neurons treated with KTM.

Silencing p38MAPK inhibits apoptosis of hippocampal neurons
-----------------------------------------------------------

Flow cytometry with Annexin V-FITC/PI staining was performed to detect the apoptosis of hippocampal neurons. As shown in [Fig. 7](#f7-ijmm-42-03-1401){ref-type="fig"}, following incubation for 48 h, the apoptosis rate of rat hippocampal neurons increased in the KTM, KTM+NC, KTM + SB203580 and KTM + p38MAPK-shRNA groups compared with that in the control group (all P\<0.05). In comparison with the KTM group, the KTM + p38MAPK-shRNA and KTM + SB203580 groups exhibited a decreased apoptosis rate of rat hippocampal neurons (all P\<0.05). These findings implied that silencing p38MAPK suppresses the apoptosis of hippocampal neurons treated with KTM.

Discussion
==========

KTM serves as the first choice of anesthetic drug for injury caused by natural disaster due to its action on the elevation of cardiac output and blood pressure ([@b6-ijmm-42-03-1401],[@b8-ijmm-42-03-1401]). However, KTM has been reported to induce apoptosis of neural stem cells ([@b22-ijmm-42-03-1401]) and to have adverse impacts on the hippocampus, promoting neuronal apoptosis through a mitochondrial pathway ([@b15-ijmm-42-03-1401],[@b23-ijmm-42-03-1401]). Inhibition of the activation of p38MAPK is a possible protective mechanism against neuronal injury induced by cerebral ischemia-reperfusion ([@b24-ijmm-42-03-1401]). To reduce neuronal apoptosis, the present study investigated the modulatory effect of p38MAPK on KTM-induced apoptosis of rat hippocampal neurons. It was verified that p38MAPK gene silencing is able to block KTM-induced apoptosis of rat hippocampal neurons, which is of great significance for alleviating the symptoms induced by KTM.

Initially, the results of the current study revealed that apoptosis of neurons in KTM-treated groups increased and cell activity decreased. KTM, as a channel blocker of N-methyl-D-aspartate (NMDA) receptors, is widely used as a pediatric anesthetic and is involved in increasing neuronal toxicity in the developing brain ([@b25-ijmm-42-03-1401],[@b26-ijmm-42-03-1401]). However, due to the involvement of compensatory upregulated NMDA receptors, KTM at a high concentration may lead to brain cell apoptosis ([@b25-ijmm-42-03-1401]). In addition, a study reported that sublethal spinal KTM administration caused neuronal apoptosis of rat pups ([@b27-ijmm-42-03-1401]). It has also been demonstrated that KTM was able to prevent the activity of thalamic neurons in rats ([@b28-ijmm-42-03-1401]). All these findings are consistent with the observations of the present study.

The current results also demonstrated that the expression of p38MAPK and the extent of p38MAPK phosphorylation increased in hippocampal neurons, and the downregulation of this expression inhibited neuronal apoptosis. Accumulating evidence has indicated the protective effects of silencing p38MAPK against hippocampal apoptosis ([@b29-ijmm-42-03-1401]--[@b31-ijmm-42-03-1401]). Mammalian p38MAPK is activated by a wide array of cell stressors and is responsive to inflammatory cytokines ([@b32-ijmm-42-03-1401]). The p38MAPK is also upregulated in certain diseases. For instance, sustained activation of the p38MAPK signaling pathway in muscle stem cells as a result of aging can cause damage to muscle regeneration ([@b17-ijmm-42-03-1401]). Certain subtypes of p38MAPK may serve a pro-oncogenic role in cancer ([@b32-ijmm-42-03-1401]). Silencing p38MAPK was found to promote the telomerase activity of hippocampal neurons in the current study. It has previously been reported that inhibitors of p38MAPK can be useful in the prevention and treatment of hypoxia-induced neuronal injury ([@b33-ijmm-42-03-1401]), which is also consistent with the present study.

Finally, the results of the current study revealed that silencing p38MAPK in hippocampal neurons downregulated the expression of the pro-apoptotic gene Bax and upregulated the expression levels of caspase-3 and apoptosis-suppressing gene Bcl-2 subsequent to treatment with KTM. Liu *et al* ([@b34-ijmm-42-03-1401]) previously revealed a significant elevation in the transcriptional activity of the caspase-3 gene during neuronal apoptosis. Other studies have reported that p38MAPK can regulate caspase-3 in several cell lines ([@b35-ijmm-42-03-1401],[@b36-ijmm-42-03-1401]). Apart from these findings, p38MAPK activity has been proven to serve a critical role in cell death mediated by nitric oxide in neurons by stimulating Bax translocation to the mitochondria and then activating the cell death pathway ([@b37-ijmm-42-03-1401]). Bax is a pro-apoptotic protein that regulates programmed cell death, and its activation causes an increase in outer membrane permeabilization of mitochondria, which finally results in apoptotic cascade events ([@b38-ijmm-42-03-1401]). For instance, during the process of sorbitol-induced apoptosis, sorbitol leads to increased levels of Bax in response to p38MAPK signaling ([@b39-ijmm-42-03-1401]). By contrast, Bcl-2 rescues cells from apoptosis ([@b40-ijmm-42-03-1401]). As an anti-apoptotic factor, Bcl-2 can be phosphorylated by p38MAPK, which regulates the anti-apoptotic role of Bcl-2 ([@b41-ijmm-42-03-1401],[@b42-ijmm-42-03-1401]). Furthermore, activation of p38MAPK under stress conditions is a key event in the early induction of apoptosis ([@b42-ijmm-42-03-1401]). Thus, the ratio of Bax and Bcl-2 contributes to cellular apoptosis ([@b38-ijmm-42-03-1401]). These findings further verify that silencing p38MAPK suppresses the KTM-induced hippocampal neuron apoptosis by decreasing Bax and caspase-3 expression levels, and elevating the expression of Bcl-2.

In conclusion, the data of the present study revealed that lentivirus-mediated p38MAPK gene silencing rescued KTM-induced apoptosis of rat hippocampal neurons. Although further experiments are necessary to confirm these results, the findings of the current study are believed to have a significant implication for identifying potential therapeutic strategies in the treatment of apoptosis induced by KTM in hippocampal neurons.
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![Morphological changes, purity and transfection efficiency of the hippocampal neurons and EGFP expression in the transfected hippocampal neurons (magnification ×200). (A) Morphology of hippocampal neurons subsequent to transfection for 0, 1, 3, 7 and 21 days. (B) Purity of rat hippocampal neurons stained with β-tubulin III and Hoechst 33342. (C) Identification of neuron transfection efficiency. KTM, ketamine; NC, negative control; p38MAPK, p38 mitogen-activated protein kinase; shRNA, short hairpin RNA; EGFP, enhanced green fluorescent protein.](IJMM-42-03-1401-g00){#f1-ijmm-42-03-1401}

![Reverse transcription-quantitative polymerase chain reaction demonstrates that silencing p38MAPK in KTM-induced cells decreases the mRNA expression levels of p38MAPK, caspase-3 and Bax, and increases Bcl-2 mRNA expression. ^\*^P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the KTM group. KTM, ketamine; NC, negative control; p38MAPK, p38 mitogen-activated protein kinase; shRNA, short hairpin RNA; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.](IJMM-42-03-1401-g01){#f2-ijmm-42-03-1401}

![Western blot analysis demonstrates that silencing p38MAPK decreases the protein expression levels of p38MAPK, caspase-3 and Bax, and the extent of p38MAPK phosphorylation, while it increases Bcl-2 protein expression. (A) Relative protein expression in each group following transfection, as detected by western blot analysis. (B) Gray value of associated proteins in each group following transfection. ^\*^P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the KTM group. KTM, ketamine; NC, negative control; p38MAPK, p38 mitogen-activated protein kinase; p-, phosphorylated; shRNA, short hairpin RNA; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.](IJMM-42-03-1401-g02){#f3-ijmm-42-03-1401}

![MTT assay demonstrates that silencing p38MAPK promotes cell viability of hippocampal neurons. ^\*^P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the KTM group. KTM, ketamine; NC, negative control; p38MAPK, p38 mitogen-activated protein kinase; shRNA, short hairpin RNA.](IJMM-42-03-1401-g03){#f4-ijmm-42-03-1401}

![(A and B) Flow cytometry with PI staining demonstrates that silencing p38MAPK facilitates cell cycle progression of hippocampal neurons. ^\*^P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the KTM group. KTM, ketamine; NC, negative control; p38MAPK, p38 mitogen-activated protein kinase; shRNA, short hairpin RNA; PI, propidium iodide.](IJMM-42-03-1401-g04){#f5-ijmm-42-03-1401}

![Enzyme-linked immunosorbent assay indicates that silencing p38MAPK promotes the telomerase activity of hippocampal neurons. ^\*^P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the KTM group. KTM, ketamine; NC, negative control; p38MAPK, p38 mitogen-activated protein kinase; shRNA, short hairpin RNA.](IJMM-42-03-1401-g05){#f6-ijmm-42-03-1401}

![Flow cytometry with Annexin V-FITC/PI staining demonstrates that silencing p38MAPK inhibits the apoptosis of hippocampal neurons. (A) Cell apoptosis in each group observed under a microscope. (B) Cell apoptosis rate in each group. ^\*^P\<0.05 vs. the control groups; ^\#^P\<0.05 vs. the KTM group. KTM, ketamine; NC, negative control; p38MAPK, p38 mitogen-activated protein kinase; shRNA, short hairpin RNA; FITC, fluorescein isothiocyanate; PI, propidium iodide.](IJMM-42-03-1401-g06){#f7-ijmm-42-03-1401}

###### 

Primer sequences used in quantitative polymerase chain reaction.

  Gene                               Primer sequence
  ---------------------------------- ------------------------------------
  p38MAPK                            F: 5′-ACATCGTGTGGCAGTGAAGAAG-3′
  R: 5′-CTTTTGGCGTGAATGATGGA-3′      
  GAPDH                              F: 5′-GCACAGTCAAGGCTGAGAATG-3′
  R: 5′-ATGGTGGTGAAGACGCCAGTA-3′     
  Caspase-3                          F: 5′-GAGACAGACAGTGGAACTGACAATG-3′
  R: 5′-GGCGCAAAGTGACTGGATGA-3′      
  Bax                                F: 5′-AGACACCTGAGCTGACCTTGGAG-3′
  R: 5′-GTTGAAGTTGCCATCAGCAAACA-3′   
  Bcl-2                              F: 5′-TGAACCGGCATCTGCACAC-3′
  R: 5′-CGTCTTCAGAGACAGCCAGGAG-3′    

p38MAPK, p38 mitogen-activated protein kinase; GADPH, glyceraldehyde-3-phosphate dehydrogenase; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; F, forward; R, reverse.
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